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Abstract. – The real Rs(T ) and imaginary Xs(T ) parts of the surface impedance Zs(T ) =
Rs(T ) + iXs(T ) in polycrystalline MgB2 samples of different density with the critical tem-
perature Tc ≈ 38 K are measured at the frequency of 9.4 GHz and in the temperature range
5 ≤ T < 200 K. The normal skin-effect condition Rs(T ) = Xs(T ) at T ≥ Tc holds only for the
samples of the highest density with roughness sizes not more than 0.1 µm. For such samples
extrapolation T → 0 of the linear at T < Tc/2 temperature dependences λL(T ) = Xs(T )/ωµ0
and Rs(T ) results in values of the London penetration depth λL(0) ≈ 600 A˚ and residual sur-
face resistance Rres ≈ 0.8 mΩ. In the entire temperature range the dependences Rs(T ) and
Xs(T ) are well described by the modified two-fluid model.
The inconclusive situation with the mechanism of superconductivity in MgB2 [1] is mainly
due to the lack of consensus on many important physical quantities in this material. For
example, the energy gap ratio 2∆/kTc ranging from 1 to 5 has been reported, which raises
the possibility of an anisotropic energy gap or a multiple gap. Indeed, recent tunneling
[2] and point contact [3] experiments showed two distinct conductance peaks of different
magnitude, and to describe the specific heat data [4] the authors involved either two gaps or
an anisotropic gap. At the same time a number of high-frequency measurements in MgB2
films found a small single gap (the gap ratio is well below the weak coupling value) if the data
was fitted by BCS model with isotropic s-wave order parameter [5, 6, 7, 8]. In particular,
the exponential temperature dependence of the magnetic field penetration depth at T ≪ Tc
gave occasion to such fitting [7, 8]. However, in very dense polycrystalline MgB2 samples
the linear ∆λ(T ) ∝ T behavior was observed [9, 10]. Other measurements in MgB2 powders
and ceramics provided rather contradictory results: ∆λ(T ) dependences were proportional to
T (Ref.[11]), T 2 (Ref.[12]), T 2.7 (Ref.[13]) and exp(−∆/T )/T 0.5 (Ref.[14]). The estimated
values of λ(0) varied from as low as 85 nm in Ref.[12] up to 300 nm in Ref.[6]. Apparently, the
data spread indicates that the measured parameters of MgB2 depend on the sample quality
and growth technique. Nevertheless, it is generally accepted that in the ab-plane of MgB2 the
coherence length ξ0 does not exceed 100 A˚ and, hence, MgB2 samples characterized by the
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value of electron relaxation rate 1/τ(Tc) < 10
13 s−1 (the mean free path l > 500 A˚) should
be classified as London (ξ0 ≪ λ) pure (l ≫ ξ0) superconductors.
Microwave measurements of the surface impedance temperature dependences Zs(T ) =
Rs(T ) + iXs(T ) provide accurate determination of applied and fundamental parameters of
the superconducting state (residual surface resistance Rres ≡ Rs(T → 0), superconducting
gap and its symmetry, penetration depth) and normal state (normal or anomalous skin-effect,
resistivity ρ, relaxation rate). At the frequency of 10 GHz the skin depth δ =
√
2ρ/ωµ0 > 1 µm
is much greater than l in MgB2 and, therefore, at T ≥ Tc the criterion of the normal skin-effect
should apply:
Rs(T ) = Xs(T ) = ρ(T )/δ(T ) =
√
ωµ0ρ(T )/2 . (1)
Eq. (1) follows from the general relation between the impedance and conductivity (σ =
σ1 − iσ2) components in London superconductors:
Rs =
√
ωµ0(ϕ1/2 − 1)
2σ2ϕ
, Xs =
√
ωµ0(ϕ1/2 + 1)
2σ2ϕ
, (2)
where ϕ = 1+(σ1/σ2)
2. It is obvious that Rs ≤ Xs. As follows from Eq. (2) in the immediate
vicinity of the transition temperature there is a very narrow peak in the curve Xs(T ). When
(σ1/σ2)
2 ≪ 1, which is valid at temperatures not very close to Tc, where the magnetic field
penetration depth λ =
√
1/ωµ0σ2, from Eq. (2) we get Rs ≈ ω
2µ20σ1λ
3/2 and Xs ≈ ωµ0λ.
In pure London superconductor the value of λ is the London penetration depth which equals
λL(0) = m/µ0ne
2 at T = 0.
In the centimeter wavelength band the surface resistance Rs(T ) was measured in MgB2
wire [15], pellets [10, 15], separated grains [16], and films [7, 11, 17]. The value of Rres
characterizing the sample quality was proved to be highly dependent on the sample preparation
and processing. The transformed (∝ ω2) to the same frequency 10 GHz values of Rres varied
from 0.7 to 5 mΩ in different MgB2 bulk samples [7, 11, 15, 16, 17] except the wire [15]
where the lower-range Rres ≈ 0.1 mΩ is found. However, in all previous publications devoted
to microwave investigations of MgB2 there had been no data on the Xs(T ) in absolute units
which means that Eq. (1) applicability was not verified nor was the value of λ(0) = Xs(0)/ωµ0
determined directly from microwave measurements of MgB2.
In this Letter, we present precise measurements of the real and imaginary parts of the
surface impedance in polycrystalline MgB2 samples of different porosity. We found that
normal skin-effect condition Rs(T ) = Xs(T ) at T ≥ Tc holds only for the samples of the
highest (close to theoretical) density. For such samples the electrodynamic parameters of the
normal and superconducting state of MgB2 are obtained.
The samples investigated were synthesized in situ from amorphous boron powder and
lump metal magnesium, both with purity better than 99.96%. Two types of different MgB2
polycrystalline bulk samples were investigated. The samples of the first type were synthesized
at 1100◦C with subsequent rapid cooling, and the samples of the second type were obtained
after heating MgB2 up to 1400
◦C and then keeping this temperature for an hour (for details see
Ref.[18]). Using a diamond circular saw we cut small thin plates (∼ 1×1×0.1 mm3) from the
obtained compact ceramic cylinders and polished their surfaces using fine (∼ 0.1 µm) diamond
powder diluted by the high purity benzine (ethanol initially used for this purpose resulted in
large microwave absorption of the sample). After polishing and cleaning, the samples were
being heated at 200◦C for 4 hours in high vacuum. The average grain size of about ∼ 20 µm
and density of 2.52 g/cm3 were obtained for the samples of the first type and the corresponding
values of ∼ 40 µm and 2.23 g/cm3 for the samples of the second type. This density drop was
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Fig. 1 – SEM micrographs of the sample #1 (a) and #2 (b) in the same scale. The insets show the
χ′(T ) curves of these samples in the vicinity of the superconducting transition.
due to Mg-evaporation resulting in numerous small voids (5-30 microns) in the ceramics. This
can be seen in Fig. 1, where scanning electron micrographs (second electron emission mode)
of the samples #1 and #2 are shown. Sample #1 belongs to the first type (dimensions:
1.34×1.10×0.03 mm3) and sample #2 is of the second type (1.57×1.56×0.22 mm3). Unlike
sample #2 the surface of the densest sample #1 looks homogeneous, at least the dimensions
of possible irregularities are less than scanning resolution of 0.1 µm.
Preliminary testing of MgB2 samples was carried out with the aid of the temperature
measurements of their dynamic susceptibility χ(T ) = χ′(T ) − iχ′′(T ) performed by a four-
coil scheme at 100 kHz. The insets in Fig. 1 show very similar temperature dependences of
the shielding χ′(T ) of the magnetic field in both samples. If the penetration depth λ(T ) =
λ(0) + ∆λ(T ) is much smaller than the characteristic size a (which is the size of either the
sample or grains in it), then at low temperatures T < Tc the dependence χ
′(T ) corresponds
to the λ(T ) variation: χ′(T ) = χ′0(1−∆λ(T )/a).
For the measurements at 9.4 GHz we applied the ”hot-finger” technique which had been
used to characterise the microwave properties of small crystals of high-Tc and conventional
superconductors [19]. The temperature dependences of the Q-factor, Q−1 ∝ Rs, and the
frequency shift ∆f ∝ ∆Xs of the cavity with the sample inside are measured simultaneously.
To determine Rs(T ) and Xs(T ) in absolute units one needs to know the value of the sam-
ple geometrical factor Γ and the constant X0 = Xs(T ) − ∆Xs(T ). The parameter Γ can
be determined both empirically and theoretically and its value depends on the shape and
dimensions of the sample and its position in the cavity with respect to the microwave field
Hω [19]. The constant X0 can be derived from the condition of equality between the real
and imaginary parts of the normal state surface impedance. Temperature dependences of the
surface resistance (open squares) and reactance (open circles) in both samples are shown in
Fig. 2. Zs(T ) curves measured in the field Hω perpendicular and parallel to the biggest faces
of the sample were identical. The resisitivity ρ(Tc) = 2R
2
s(Tc)/µ0ω obtained from the surface
resistance value Rs(Tc) is equal to 8 µΩcm and 15 µΩcm for samples #1 and #2 respectively.
The measured value of Tc ≈ 38 K and the residual resistivity ratio RRR=ρ(300K)/ρ(Tc) ≈ 3
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Fig. 2 – Plots of the surface resistance Rs(T ) and reactance Xs(T ) at 9.4 GHz in MgB2 samples #1
(a) and #2 (b). The insets show the low temperature sections of Rs(T ) and London penetration
depth λL(T ) = Xs(T )/ωµ0. The solid curves in Fig. 2(a) show calculations based on the modified
two-fluid model.
for both samples corresponds to the nominal composition Mg:B=1:2 (Refs.[20, 21]).
Essential distinction in samples #1 and #2 appears in their ∆Xs(T ) dependences. Whereas
the sample #1 parameters are in accordance with Eqs. (1), (2): Rs(T ) = Xs(T ) at T ≥ Tc,
and ∆Xs(T ) < ∆Rs(T ) at T < Tc, the sample #2 reactance variation ∆Xs(T ) is consid-
erably larger than that of the resistance ∆Rs(T ) in the entire temperature range. Unusally
large change ∆Xs(T ) > ∆Rs(T ) was previously reported in the microwave ab-response of
Tl2Ba2CuO6+δ single crystals [22, 23, 24]. As a possible explanation in Ref.[23] it was pro-
posed to allow for the shielding effect of the microwave field by roughnesses (cleavage plane
traces) of Tl2Ba2CuO6+δ crystal surface. If the penetration depth is much less than roughness
sizes, both components of the effective surface impedance measured will increase in compari-
son with their values for a flat surface by the same factor equal to the ratio of the real and flat
surface areas. If the roughness sizes are comparable to the penetration depth the situation
may occur whenHω is slightly distorted by the roughness, whereas the high-frequency current
caused by the field decays noticably [25]. In this case the effective reactance (∼ ωµ0
∫
H2ωdV )
will exceed the sample surface resistance (∼
∫
j∗ωEωdV ). It is likely that this is the case in
MgB2 sample #2 whose pores’ dimensions proved to be comparable with its skin depth.
Another non-trivial feature of Zs(T ) curves in Fig. 2 is linear temperature dependence of
both impedance components at T < Tc/2 (see the insertions in Fig. 2). Fig. 3 demonstrates an
agreement of the temperature dependences ∆λ(T ) ∝ T measured at the frequencies 9.4 GHz
and 100 kHz. Characteristic sizes a = ∆λ(T )/∆χ′(T ), determined for the samples #1 and #2
with χ′0 = −1, proved to be equal to the average grain sizes respectively. In the sample #1 at
T < Tc/2 the slopes of Rs(T ) and Xs(T ) curves are roughly half of that of the sample #2. In
particular, the value of dλ/dT ≈ 70 A˚/K at T ≪ Tc for the sample #1 so we can derive the
value of λL(0) = 600± 100 A˚. Extrapolation Rs(T → 0) gives Rres ≈ 0.8 mΩ in this sample.
The strong slope of the linear sections of ∆λ(T ) curves in very dense polycrystalline MgB2
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Fig. 3 – Comparison of ∆λ(T ) data at 9.4 GHz (black circles) and at 100 kHz (open squares) in MgB2
samples #1 and #2. The upper graph is shifted 20 nm up for clearness.
samples was also found in Refs.[9, 10]. The above value of λL(0) is smaller then the one found
previously in microwave investigations of MgB2. One should notice that elsewhere the values
of λ(0) were obtained as a result of fitting of the measured ∆λ(T ) curve by model dependence
of λ(T ), whereas we obtain the λL(0) value directly from the measurements of Xs(0).
Interestingly, Rs(T ) and Xs(T ) curves in Fig. 2(a) are very similar to those measured in
electron high-Tc crystal Ba0.6K0.4BiO3 [26]. Moreover, the similarity of the optical constants
in MgB2 and Ba0.6K0.4BiO3 was pointed out in Ref.[27]. So far there is no microscopic theory
explaining such a strong slope of the linear Zs(T ) temperature dependence at T up to Tc/2
for these crystals. As early as in the old Ref. [26] a modified two-fluid model (MTFM) was
suggested and then developed in Refs. [28] to describe Zs(T ) in all optimum doped high-Tc
single crystals. This phenomenological model has two essential features different from the
well-known Gorter-Casimir (GC) model [29]. The former is the unique density of supercon-
ducting electrons which gives rise to a linear temperature dependence of the penetration depth
at low temperatures, and the latter is the introduction of the temperature dependence of the
quasiparticle relaxation time τ(T ) described by Gru¨neisen formula (electron–phonon inter-
action) with retaining the temperature-independent impurity relaxation time τ(0), which is
present in GC model:
1
τ =
1
τ(0)
[
1 + t
5
J5(κ/t)/J5(κ)
β
]
,
J5(κ/t) =
κ/t∫
0
z5ezdz
(ez−1)2 ,
(3)
where t ≡ T/Tc, κ = Θ/Tc (Θ is the Debye temperature), and β is a numerical parameter.
From Eq. (3) we have β = τ(Tc)/[τ(0) − τ(Tc)]; β ≈ τ(Tc)/τ(0) ≪ 1 if τ(0) ≫ τ(Tc), and
β ≫ 1 if τ(0) ≈ τ(Tc). The second summand in the brackets in Eq. (3) is proportional to T
5 at
T < Θ/10 and to T at T > Θ/5. Solid line at T ≥ Tc in Fig. 2(a) shows the calculation result
of Rs(T ) = Xs(T ) from Eq. (1) with parameters β = 350 and κ = 15 (Θ ∼ 600 K) in Eq. (3)
for 1/τ(T ) ∝ ρ(T ). In the framework of MTFM the value of τ(Tc) = X
2
s (0)/2ωR
2
s(Tc) ≈
0.6 · 10−13 s, τ(0) = dRs/ωdXs|T→0 ≈ 6.6 · 10
−13 s (obtained using the measured slopes
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dRs/dT and dXs/dT at T ≪ Tc), and, hence, β = 0.1 in Eq. (3) for the superconducting
state of sample #1. Solid lines at T ≤ Tc in Fig. 2(a) show the components Rs(T ) and Xs(T )
calculated from Eq. (2). Thus, Zs(T ) dependences measured in MgB2 are well described in
the framework of MTFM in the entire temperature range with the same free parameter κ = 15
in Eq. (3), but with substantially different β in the normal and superconducting state. As
in the case with high-Tc crystals, in MgB2 the relaxation rate of normal carriers decreases
rapidly (∝ T 5) with decrease of temperature lower than Tc. In principle, there is a possibility
to describe the linear temperature dependences of Rs(T ) and Xs(T ) at low T in terms of weak
links model [30]. However, we did not observe any manifestation of intergranular weak links in
our measurements of ac-susceptibility in a weak magnetic field. Moreover, magnetization [31],
transport [32] and non resonant microwave absorption [33] measurements show that MgB2
does not exhibit weak-link electromagnetic behavior.
In conclusion, we state that the measurement results of the microwave surface impedance
components in polycrystalline MgB2 samples depend on their quality and preparation tech-
nique. The normal skin-effect criterion Rs(T ) = Xs(T ) at T ≥ Tc is met only in very dense
homogenious samples of the highest quality characterized by the lower-range values of residual
losses, superconducting transition width, and resistivity in the normal state. For these samples
the values of τ(Tc) ≈ 10
−13 s, λL(0) ≈ 600 A˚ and Rs(0) ≈ 0.8 mΩ are obtained directly from
Rs(T ) and Xs(T ) measurements in absolute units. The linear dependences ∆λ(T ) ∝ T and
Rs(T ) ∝ T at T < Tc/2 are observed. The curves ∆λ(T ) measured at 9.4 GHz coincide with
ac-susceptibility measuremens at five orders smaller frequency. Rs(T ) and Xs(T ) curves in
the normal and superconducting state are well described in the framework of the phenomeno-
logical approach based on the usage of Eq. (3) for quasiparticle scattering on impurities and
phonons.
This research has been supported by RFBR grant 00-02-17053, DFG-RFBR grant 00-02-
04021, Scientific Council on Superconductivity (project 96060), and University of Palermo
(grant Coll. Int. Li Vigni).
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